Introduction
The argyrodites were declared as a structure family by Hahn, Schulze and Sechser (1965) , and Kuhs, Nitsche and Scheunemann (1978a; 1979) , and can be derived from the mineral Ag 8 GeS 6 called Argyrodite (Goldschmidt, 1909; Palache, Berman and Fondel, 1944 (Krebs and Mandt, 1972; Susa and Steinfink, 1971) and Hg 2þ (Gulay, Olekseyuk and Parasyuk, 2002) but the B-cation can be substituted by tetravalent Ti and pentavalent Nb or Ta (e.g. in Ag (12Àn) B nþ Q 6 , Q ¼ S, Se) (Onoda, Wada, Hiroaki and Tansho, 1998; Wada, 1992; Wada, Sato, Onoda, Adams, Tansho and Ishii, 2002) and most of the group 13 to group 15 elements of the periodic table (trivalent Al and Ga (Gaudin, Deiseroth and Zaiss, 2001; Tansho, Wada, Ishii and Onoda, 1996) tetravalent Si, Ge and Sn (Matje and Schön, 1980) and pentavalent P and As. Sulfur can be substituted by selenium or tellurium (Q ¼ S, Se, Te).
Intense research on the ternary argyrodites was performed in the last three decades because of their interesting physical properties, especially ion conductivity (e.g. Ag 6.69 GeSe 5 I 0.69 : Belin, Aldon, Zerouale, Belin and Ribes, 2001 ) and photovoltaic and illumination effects (Batirov, Fridkin, Nitsche and Verkhovskaya, 1982) .
The high ionic conductivity results from order-disorder phenomena in the substructure of the A-cations. Contrary, the substructure of the B-cation and the anions is rigid. However, one chalcogen atom can be substituted by a halogen atom resulting in compositions like A mþ (12Àn/m) B nþ Q 2À 6Ày X À y (X ¼ Cl, Br, I). Starting from the disordered high-temperature modification, which is the aristo-type of the structure family, several partially or fully ordered hetto-types were found. The aristo-type often shows high ionic conductivity and is therefore of particular interest for electrochemical devices like batteries and sensors. Cu 6 PS 5 I is the best studied quaternary copper argyrodite. Besides high ionic conductivity this material exhibits ferroelastic and nonlinear optical properties (Kuhs et al., 1979; Studenyak, Stefanovich, Kranjcec, Desnica, Azhniuk, Kovacs and Panko, 1997) . The determination of the electrical properties of Cu 7 GeS 5 I and the comparison of them with other quaternary silver and copper argyrodites like Cu 6 PS 5 I and Ag 7 GeS 5 I by Studenyak, Kranjcec, Kovac, Desnica-Frankovic, Molnar, Panko and Slivka (2002) , proved an enhancement of conductivity after heterovalent substitution of P with Ge and the corresponding change in the content of monovalent cations. The crystal structures of the quaternary copper argyrodites have been scarcely studied despite their promising properties for electrochemical devices. Herein we report the determination of the crystal structures of 12 quaternary copper argyrodites and the analysis of them with respect to ionic conductivity.
Experimental Preparation
The argyrodites were prepared by the reaction of stochiometric mixtures of the respective elements in evacuated silica ampoules. The starting materials were heated to 1223 K in case of Cu 6 PS 5 X (X ¼ Cl, Br, I), 1273 K in case of Cu 8Àx BQ 6Àx X x (B ¼ Si, Ge; Q ¼ S, Se; X ¼ Br, I) and Cu 6 AsS 5 X (X ¼ Br, I), and 1373 K for Cu 7 SiS 6Àx I x . After grinding the argyrodites were annealed at temperatures between 923 K and 1193 K for at least 19 days.
Details concerning the composition of the materials, the annealing temperatures and the annealing times are summarized in Table 1 .
X-ray powder diffraction
All materials were investigated by X-ray powder diffraction in order to determine the resulting phases and to compare the results with those reported by Kuhs et al. (1979) . The compositions calculated from single crystal X-ray data were taken to prepare phase pure samples of the respective materials. The purity was checked using a Stoe STADIP powder diffractometer or a Siemens D5000 powder diffractometer, both equipped with a linear 5 PSD (CuK a 1 radiation, l ¼ 1.54051 A, germanium monochromator). Table 2 summarizes the results from the phase analysis.
The comparison of the different compositions for the argyrodites leads to the conclusion that most of them show a broad stability range with respect to the anions (e.g. Cu 8Àx SiS 6Àx X x ; 0.51 ¼ x 1). In contrast to Kuhs we were able to reach full substitution (x ¼ 1) in the case of Cu 6 AsS 5 X (X ¼ Br, I), Cu 7 SiS 5 I, and Cu 7 GeS 5 I. Surprisingly, the lattice constants of Cu 7Àx AsS 5Àx X x (X ¼ Br, I) are the same for the powder data in (Kuhs et al., 1979) and our single crystal measurements despite significant differences in their nominal compositions. In all other cases when the compositions are different from the values reported by Kuhs the lattice constants depict the expected trends.
Single crystal X-ray data collection and processing
Intensity data for all argyrodites were recorded from suitable single crystals with an ENRAF NONIUS CAD4 or a STOE IPDS I. Both diffractometers operate with MoK a radiation (l ¼ 0.71073 A, graphite monochromator). All data were corrected for Lorentz and polarisation effects. A numerical absorption correction was applied after the optimisation of the crystal shape based on symmetry equivalent reflections (IPDS I data) or on w-scans (CAD4 data) using the XRED and XSHAPE routines (XRED and XSHAPE, 1999) . In accordance with the results from powder X-ray diffraction and with the data from Kuhs et al. (1979) a close structural relation between the different materials becomes obvious, i.e. they all crystallize in the cubic high temperature polymorph. Therefore, the structure of Cu 6 PS 5 I (Kuhs, 1978b) , space group F 4 43m (No. 216) was chosen as a model for all structure refinements. According to this model copper is localised on the 24g-and the 48h-site, the B-cation on the 4b-, the halide ion on the 4a-and the chalcogen atoms on the 16e-and 4c-site. In all cases the A-cation positions are not fully occupied in contrast to the anion-and the B-cation positions. However, the occupancy factors of the A-cation positions were refined without any restriction. In the case of a mixed occupancy of the 4a-position by Q and X the occupancy factors were restricted to full occupation. After the refinement of the atomic positions and the anisotropic displacement parameters and an extinction correction when necessary, the structure models where checked by difference Fourier analysis in order to localize the residual electron density left after the last refinement steps. Positions with significant residual electron density were added as copper positions to the structure model. Copper positions showing distances d(Cu-Cu) < 0.4 A and high and anisotropic displacement parameters were refined using a non-harmonic approach based on a Gram-Charlier expansion (Kuhs, 1992; Zucker and Schulz, 1982) with non-harmonic displacement parameters up to the 4 th order. Only significant parameters were refined (3s cutoff) with the 282 T. Nilges and A. Pfitzner JANA98 program package (Petricek and Dusek, 1998) . A detailed description of the non-harmonic approach is given elsewhere (Pfitzner, 1997; Nilges, Reiser, Hong, Gaudin and Pfitzner, 2002) .
Copper positions with d(Cu-Cu) > 0.4 A were refined as split positions. All crystals were checked for inversion twinning but inversion twinning was not observed in the case of the compounds under discussion. Selected crystallographic data are summarized in Table 3a to c (crystallographic data), Table 4a to b (atomic coordinates and equivalent displacement parameters), Table 5a to c (selected bond lengths and angles). The structures were visualized using the programs DIAMOND (2001) and SCIAN (Pepke, Murray, Lyons and Hwu, 1994) .
For Cu 7.44 SiSe 5.44 I 0.56 a slightly modified structure model was used for the description of the anion substructure. Unusual high residual electron density was observed close to the Se2 position when the common starting model for the Type 1 argyrodites was used. Instead of a fully occupied 4c position Se2 was refined on a 16e position close to 4c. To retain the composition of Cu 7.44 SiSe 5.44 I 0.56 the occupancy factor of Se2 was restricted to 0.25.
Structure description and classification

Structure description
The structures of the argyrodites under discussion can be described using three different strategies. In all strategies the mobile A-cation substructure is related to the rigid Bcation and anion substructure. So the rigid part of the structures will be discussed first. The rigid anion and the B-cation substructure
One of the most frequently used strategies is the description of the structures by a closed packed arrangement of anions and cations in between the voids. Three crystallographically different positions are forming the anion substructure of the F 4 43m argyrodites. In dependence of the composition the 4a position is preferably or fully occupied by the halide ion of the quaternary argyrodite. The tetrahedral voids of the resulting face centred cubic arrangement are centred alternately by chalcogen atoms on 4c or 4d and a chalcogen tetrahedron around the remaining voids formed by atoms on 16e (Fig. 1 ). The occupation of the 4c/4d position depends on the configuration of the non centrosymmetric structure. In most cases 4c/4d is populated by chalcogen atoms but can also be partially occupied by halogen. The center of the face centred cubic cell and each center of the cell edges is occupied by the tetrahedrally coordinated B-cations. The A-cations are localized on a large number of linear, trigonal, and tetrahedrally coordinated positions. This approach to describe the distribution of the A-cations is rather difficult due to the high degree of disorder. A second known strategy to describe the rigid anion substructure is based on a polyhedron representation Kuhs (1978b) , described the anion substructure of the F 4 43m argyrodites by interpenetrating distorted icosahedra (see Fig. 2 ). The centre of the icosahedron is defined by the 16e positions of the chalcogen tetrahedron. The same structural motive is known for cubic Laves phases like MgCu 2 (Ohba, Kitano and Komura, 1984) . Similar to the first strategy one ends up with the same problems describing the A-cation substructure.
The mobile A-cation substructure A somewhat different strategy has to be used for the description of the rigid substructure in order to achieve a more comprehensive structure description of the A-cation substructure. Instead of a description by interpenetrating icosahedra one can also use a set of face sharing Frank-Kasper polyhedra with a coordination number of 16, so called Friauf polyhedra (see Fig. 3 ). Around the 4c/4d position these polyhedra are spread up by anions on the 16e and 4a positions. Four of these Friauf polyhedra are arranged around the B-cation position forming a tetrahedral void centred by 4b (Fig. 4) . A Friauf polyhedron itself can be divided into Fig. 5 . These biyramids represent the smallest section of the rigid substructure necessary to analyse the distribution of the mobile Acations in the argyrodites. The linear, three-and four-coordinated copper positions present in the argyrodites can be all localized relative to only one of the defined bipyramids (see Fig. 6a and 6b ). The argyrodites under discussion can be separated into four different types according to the copper distribution and copper content. In general, the number of copper positions increases with an increasing copper content as expected. The copper distribution of the group 15 argyrodites (according the B-cation), showing the lowest copper content per formula unit, can be described by a trigonally coordinated 24g and a fourfold coordinated 48a position. Those argyrodites and some of the group 14 ones with a high iodide content and therefore small copper contents relative to the maximum of 8 copper atoms per formula unit (e.g. Cu 7 SiS 5 I or . Surprisingly, Cu 6 PS 5 Cl belongs to the Type 2 argyrodites in contrast to the heavier homologues. This finding fits well to the unexpected trend of the ionic conductivities of Cu 6 PS 5 X (X ¼ Cl, Br, I) reported by Kuhs el al. (1979) . Kuhs found the highest ion conductivity for Cu 6 PS 5 Cl followed by Cu 6 PS 5 I and Cu 6 PS 5 Br. No proper reason was given for this finding. A significant higher copper mobility can be expected for Cu 6 PS 5 Cl than for the other two homologues based on the differences in copper coordination and distribution.
Joint probability density function (jpdf) analysis
After a non-harmonic refinement of the A-cation substructure a joint probability density function analysis was applied to identify possible diffusion pathways for the mobile ions and to highlight the differences in copper coordination for the argyrodites. The Type 1 and Type 2 argyrodites can be differentiated into subgroups after the jpdf analysis. Type 1 argyrodites can be divided into two subgroups related to the PSE group number of the B-cation and the resulting copper content of the argyrodites. The higher a double tetrahedron which is spread up by a 16e, 4d and a 4a position completes the set of different pathways realized by the copper argyrodites.
One particle potential (opp) analysis
In order to identify the favourite diffusion pathways and to classify the present argyrodites in terms of their potential ionic conductivity we performed one particle potential (opp) analysis along each pathway. Opps can be derived from the related jpdfs (Kuhs, 1992; Bachmann and Schulz, 1984) . Due to the fact that most of the copper positions are far away from full occupancy we will only give qualitative data for the opps.
In good agreement with the copper distribution derived from jpdf analysis, the highest opps of all argyrodites were observed for the group 15 members of the Type 1 argyrodites. Values between 0.6 eV and 1.3 eV for pathway 1 and pathway 2 are well above 0.3 eV. The latter activation energy is the maximum value that should be observed for good or "super" ionic conductors according to Agrawal and Gupta (1999) . A higher copper content per formula unit for the group 14 members of the Type 1 argyrodites results in significant smaller opps (0.1-0.2 eV), well below the value of 0.3 eV. The maximum copper distance d max (Cu-Cu) along a pathway is almost the same for the two pathways. For instance the distances vary between 2.36 A and 2.53 A (group 15 members) and between 2.41 A and 2.55 A (group 14 members) for pathway 1. The same narrow distance distribution is observed for pathway 2. Obviously the copper content does not have a significant influence on d max (Cu-Cu) and therefore the maximum jump distance can not be a decisive factor for the change of the opp. Other factors influencing the occupancy of the copper positions and the coordination of copper along the diffusion pathway obviously play an important role and have to be taken into account.
The Type 2 and Type 4 argyrodites show comparable opps than the Type 1 (group 14) argyrodites. Slightly smaller opps (<0.1 eV) were observed for the Type 3 argyrodites. According to the results from opp analyses a copper diffusion seems to be possible for all copper argyrodites and the argyrodites can be ranked in terms of increasing copper mobility:
Type 1 (group 15) < Type 1 (group 14) ffi Type 2 ffi Type 4 < Type 3
Type 3 argyrodites therefore seem to be the most promising candidates for high ionic conductivity.
Ionic conductivity was observed at least for some of the argyrodites under discussion, e.g. for Cu 6 PS 5 X (X ¼ Cl, Br, I) and Cu 7 GeS 5 I (Kuhs et al., 1979; Studenyak et al., 1997 and . The predicted trend of equation (1) can be directly correlated with the measured conductivity reported by Kuhs et al. (1979) , and Studenyak et al. (1997, and . Estimated conductivities at 300 K are summarized in Table 7 .
Conclusion
The crystal structures of the high temperature modifications of 12 copper argyrodites were discussed with the focus on the distribution of the mobile copper ions. The argyrodites are classified into four different types according to the differences concerning the copper coordination. A new and illustrative structure description using centred, face sharing Friauf polyhedra which are separated into sets of double tetrahedra was developed to discuss the complex copper distribution of the argyrodites. Physical properties and unexpected trends of the ionic conductivities can be understood in terms of this new classification. A combined analysis of joint probability density functions and one particle potentials results in a prediction of potential ionic conductors. Studenyak et al. (2002) 
